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ABSTRACT 



Polycrystalline alloys of iron in vanadium up to 15.32 
atomic percent were prepared principally by arc melting. In 
order to obtain the elastic constants and investigate the 
possibility of the existence of an elastically isotropic 
alloy ultrasonic measurements were made. These measurements 
determined the longitudinal and transverse wave velocities 
in the 10-30 MKz range at room temperature. The resulting 
longitudinal modulus increased v/ith alloying whereas the 
shear modulus remained roughly constant although the data 
are somewhat scattered. These data are interpreted to show 
that the shear constants vary through alloying in a manner 
consistent with the results of other experiments and that 
the results are consistent with as 1 d n + 1 electronic 
configuration in the transition metals. The existence of 
an isotropic alloy is indicated for alloys with electron to 
atom ratios lower than vanadium rather than for the alloys 
measured. 
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I. INTRODUCTION 

The decision to investigate the elastic properties of a 
vanadium-iron alloy was the result of a desire to have an 
elastically isotropic material such as tungsten, but without 
tungsten's high melting point, for use in a thin film 
experiment. It was felt that the isotropic property of such 
a material would also be advantageous in macroscopic poly- 
crystalline form. Isotropic grains would tend to deform 
uniformly in the presence of an overall stress irregardless 
of their orientations. This effect would reduce one source 
of motion at the grain boundaries resulting in a corresponding 
improved resistence to cyclic fatigue. 

It was known that the ratio of the elastic shear moduli, 

A = C/C ' , called the Zener anisotropy is less than unity for 
some of the bcc transition elements and greater than unity 
for others. Using a simple Vegards's Law model for the 
variation of A with alloying, various phase diagrams were 
investigated to find a pair of constituents where the re- 
quired relative concentrations for isotropy fell in a region 
of solid solubility of the system. The vanadium-iron system 
was found to have a solid solution bcc phase up to approxi- 
mately 40 at.% iron in vanadium. On the basis of Vegard's 
Law the concentration of iron for isotropy was estimated to 
be approximately 12 at.%. Another influencing factor in the 
choice of the V-Fe system was the recent availability of 
very high purity vanadium. 
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The free atom electron configuration of vanadium is 
4s 3d and of iron, 4s 3d . Thus the addition of iron to 
vanadium increases the electron to atom ratio of the alloy. 
According to Fuchs [Ref. 1] the resistance to shear in metals 
is a result of two interactions: (a) the Coulomb attraction 

between positive ions and negative conduction electrons, and 
(b) the exchange interaction between ions, thought to be 
significant only between nearest and second nearest neighbors 
This second interaction depends in a sensitive way -on the 
electron configuration and, in transition metal alloys in 
particular, the d shell electrons are thought to contribute 
significantly . 

Very little work has been done on the elastic constants 

of binary alloys where both constituents are transition 

metals. In addition to making an isotropic alloy some 

knowledge about the interaction between atoms in such an 

alloy would be expected to be gained from the analysis of a 

series of compositions. Therefore, seven polycrystalline 

compositions of the vanadium-iron system were produced with 

iron content between 3.25 and 15.32 at . % . The longitudinal 

and transverse elastic constants were determined, by a pulse 

echo method, for each composition. Then, using an empirical 

relation for the shear constant C'=i/ 2 (C -C ), the single 

11 12 

crystal elastic constants were calculated and discussed in 
light of the variations in electron to atom ratio and the 
d-band contributions. 

The classical theory of elasticity is discussed in 
Appendix I and the Fuch's theory of determination of the 
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elastic constants from fundamental considerations is discussed 
in Appendix II. 
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II. EXPERIMENTAL DETAILS 



A. SAMPLE PREPARATION 

The preparation of the seven alloys used in this study 
was done at the Naval Research Laboratory, Washington, D.C. 
The history of each sample measured is shown in Table I. 
Commercial analysis of the composition and impurities of 
each sample is shown in Table II. 

Two methods of producing the alloy were used. The 
constituents were melted by an electron beam in vacuum or 
arc-melting under an ultra-pure helium atmosphere. Electron 
beam melting was discontinued after the second sample when 
it was determined that the refining effect of this method 
reduced the iron content of the alloy by unpredictable 
amounts . Ingots from both methods were hot forged and 
swaged into rods. A typical rod was 3/8 to 1/2 inch in 
diameter and 12 to 15 inches long. 

These rods were used in attempts to grow alloy single 
crystals. The attempted growth methods were liquid float 
zoning and strain annealing. All of the samples exhibited 
grain growth: zone melting produced grains of .25 to .75 
mm diameter, while strain anneal methods produced grains 
of 1.25 to 3.75 mm diameter. Time and the availability of 
material precluded a more thorough exploration of the pos- 
sibilities of producing single crystals and thus poly- 
crystalline rods of each composition were selected for 
measurement. 
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Fourteen specimens were made from the seven alloys. 
Seven were 2 cm long and .635 cm in diameter. These were 
used for measuring the longitudinal velocity. The remain- 
der, cut adjacent to the first, were 1 cm long and were 
used for measuring the transverse velocity. To provide 
the best possible diameter to wavelength ratio in the 
transverse samples the largest available diameter was pre- 
served in each case. Sample diameters varied from .635 cm 
to 1.10 cm. The ends of all of the cylindrical specimens 
were machined flat and parallel and the surface polished. 
The surfaces were found to be parallel to an average of 
1.5 milliradians . 

B. MEASUREMENT OF THE SOUND VELOCITY 

The velocity of sound in the seven alloys was measured 
by the pulse echo technique. A sound pulse was transmitted 
into the material by a piezo-electric quartz transducer 
driven by a pulse generator operating at the transducer 
fundamental frequency or an odd harmonic. The initial 
pulse and each succeeding echo can be received by a second 
transducer. This second transducer is placed at the oppo- 
site end of the sample. For the transverse measurement the 
two transducers must be aligned so that their particle 
motions are parallel. The two transducer method eliminated 
saturation of the receiver amplifier by the driving pulse. 
The arrival time of each echo is usually determined by 
using an oscilloscope trace with a delay time multiplier. 
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The transducers used were 10MHz X cut quartz for the 
longitudinal mode measurements and AC cuts of the same 
frequency for the transverse mode. The transducers were 
bonded to the samples with Salol. A spring loaded jig was 
used so that both transducers could be bonded simultaneously. 
This improved the uniformity of the bonds and eliminated 
the problem of melting the first bond while the sample was 
being heated for the second. During the measurements the 
sample was suspended at its center by a three point circular 
holder which was concentric with two shielded contacts spring 
loaded to the transducers. Series coils were employed to 
provide a low impedance match of the capacitive transducers 
to the pulse generator and receiver. All measurements were 
performed at ambient room temperature (294 K) . 

The alloys in this experiment were, in most cases, highly 
attenuating. The transverse mode was generally more at- 
tenuated than the longitudinal mode and often only two or 
three echos could be discerned above the system noise. 
Measurements of the total attenuation were made in the 
longitudinal case. The total attenuation includes all loses, 
which are loses at the bonds and transducers as well as in 
the sample themselves. These loses varied from a low of 
3db per cm for the best sample to approximately 5 db per cm 
for the worst sample. For this reason the unrectified pulse 
waveform, after amplification, was further processed by a 
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Princeton Applied Research (PAR) Model 160 Boxcar 
Integrator. 

The boxcar integrator has three principal advantages for 
the pulse echo experiment. It provides a large improvement 
in signal to noise ratio. It faithfully reproduces the small 
amplitude portions of the waveform so that the arrival time 
of the pulse can be accurately determined. In conjunction 
with a strip chart recorder it provides a permanent working 
data record. The boxcar integrator operates by scanning an 
aperture in time along the waveform and averaging the value 
of the signal at each point over many repititions of the 
waveform. The result is that the random noise fluctuations 
on the signal will average to zero, and if enough repetitions 
of the signal are integrated, the output will be the true 
value. Typically 50 usee of the echo train was scanned 
using a 10 nsec aperture. Such an aperture can resolve 
frequencies up to about 30 MHz. The scanning time to make 
each pass along the train was 50 minutes. A pulse repitition 
frequency of 10 KHz was used so that each point on the wave- 
form was sampled 6x10 3 times. The output to the strip re- 
corder is then a picture of the echo train produced at one 
microsecond per minute. By diverting the boxcar input to 
the time mark generator that was triggering the experiment 
a trace of convenient time marks could be placed in the 
"dead space" between echos. These time marks could not be 
used to measure the arrival time of echos, however, since 
any variation in the linearity of the travel of the aperture 
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along the signal (ie along the timebase) or any variation 
of the speed of the strip chart recorder would have the 
effect of expanding or contracting the trace. Instead the 
voltage corresponding to the position of the aperture along 
the timebase was used to drive a second pen which ran con- 
currently with the echo trace. (Figure 1) This second 
trace was used to determine the echo arrival times . The 
accuracy of the time measurement is improved by this re- 
finement since if the nonlinearities above occur they will 
be automatically compensated. The time marks on the echo 
trace were used to check the calibration of the time trace. 
Electronic instability over the relatively long times re- 
quired to make a trace did not present a problem. Varia- 
tions in the trigger rate of the time mark generator or in 
the trigger response of the pulse generator and boxcar 
integrator that would have resulted in noise in the output 
trace were not observed to occur. From these traces the 
arrival time of each echo was measured and plotted against 
the elapsed path length. The slope of this plot is the 
sound velocity. 

In a homogeneous polycrystalline material the value of 
the transverse velocity should not depend on the orientation 
of the transducer with respect to the sample. Such is not 
the case in single crystal measurements where alignment of 
the particle motion with certain crystallographic directions 
is required to determine the elastic constants. The rather 
large grain size in these samples could have the effect that 



the orientations of the grains might not be sufficiently 
random to result in the true average velocity being measured. 
This effect of a lack of randomness is reduced if the aniso- 
tropy of the individual grains is low, and vice versa. To 
compensate for any lack of random grain orientation velocity 
measurements were made on each sample with the induced 
particle motion oriented at 0 , 60 and 120 degrees from an 
arbitrary mark. The velocities thus measured and several 
values at unknown orientations were combined by taking the 
arithmetic mean as the velocity for the composition. The 
choice of a difference in angle of IT/ 3 for the various 
orientations was chosen as convenient and because a cubic 
material has II /4 symmetry. The variation of sound velocity 
with orientation for each sample is indicated by the bars 
on the data in Figure 4. These bars are drawn between the 
maximum and minimum velocities observed. The average varia- 
tion in velocity between orientations and samples was 2.26%. 
The repeatability on a given sample for a given orientation 
is within the accuracy of the experiment which is discussed 
below. 

To determine the elastic constants both the sound 
velocity and the density of the sample must be known. 

Pearson [Ref. 2 ] lists data by Hanneman and Mariano which 
includes the value of the lattice parameter of the vanadium- 
iron system for 0, 9.5 and 20.5 at.% iron. If a smooth 
curve is drawn through these points the lattice parameter of 
the seven alloy compositions used can be found. The density 



determined by this method is compared in Figure 2 with the 
density determined by weighing and measuring the samples. 
Figure 2 shows density as a function of the atomic percent- 
age of iron and indicates the agreement between the two 
methods is within 1% for all compositions. The experimental 
points can also be fitted to a straight line with one point 
outside of 1% and an average deviation of 0.3%. Such a 
straight line fit would increase the density determination 
of the dilute composition approximately 0.5% and decrease the 
concentrated composition a like amount. It is felt that the 
precision of the x-ray determination of the lattice parameter 
exceeded that of the experimental check on the calculated 
density so that the density of each composition has been 
calculated from the lattice parameter read from a smooth 
curve through the published values. 
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III. EXPERIMENTAL RESULTS 



The elastic constants of a cubic polycrystalline material 
are the shear constant G, and the longitudinal constant, 

(B + — G) , where B is the bulk modulus. Appendix I shows 

3 

that the longitudinal and transverse sound velocities are 
given by 



V 

In order to compare the quantities measured for the 
alloys with those of pure vanadium the Hill method [Ref. 3] 
was used to average over all lattice orientations the single 
crystal elastic constants of vanadium as measured by Alers 
[Ref. 4]. This average is required to obtain the poly- 
crystalline value of G and is also discussed below. The 
bulk modulus in cubic materials is the same for the single 
crystal and polycrystal case. After a small correction 
for the difference between the density used by Alers and 
that calculated from the lattice parameter B and G for pure 
vanadium are known. For vanadium and each composition, the 
atomic percentage of iron, density, longitudinal constant, 
shear constant and bulk modulus are given in Table III. 
Graphs of the measured elastic constants which also contain 
the calculated values for vanadium are shown in Figure 3 
to Figure 5. 
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The longitudinal modulus (Figure 3) increases with in- 
creasing iron concentration. The experimental data is fitted 
best by a least squares parabola. With the exception of the 
3.25 at.% composition, which is approximately 2% low, all 
of the other samples and the vanadium value fall within 1% 
of this fit. Above approximately 5 at.% iron the measured 
values increase essentially linearly. However, a linear 
least squares fit to the data had a larger least square 
error and fell approximately 3% low for the value of pure 
vanadium. 

The transverse modulus (Figure 4) is essentially con- 
stant over the entire range of compositions investigated. 

These is considerably more scatter in the data for the 
transverse case than in the longitudinal case. The best 
fit straight line increases approximately 1.5% over the 
pure vanadium value for the 15.32 at.% composition. All 
of the samples fall within 5% of this line with the ex- 
ception of the 7.40 at.% composition which is approximately 
12% low. The reproducibility of this low velocity for 
sample 3 was demonstrated on a third specimen cut adjacent 
to the first two. Because of the small size of the transverse 
constant with respect to the longitudinal constant the 
percentage errors are larger although the absolute errors 
are approximately the same. 

The bulk modulus (Figure 5) is readily obtained from 

i* 

the definition of the longitudinal constant (B + — G) . 

3 

Since it is a combination of both the longitudinal and 



? 6 







' 



transverse constants it reflects both the rise with in- 
creasing iron concentration of the longitudinal constant 
and the scatter present in the transverse data. 

Based on the estimate of the errors in the measured 

time, length and density the accuracy of a single measure- 
2 

ment of pV is estimated to be approximately .75%. The 
largest portion of this error is in the time determination. 
Differences in individual echo arrival times for different 
runs on the same sample that resulted in the same velocity 
were found to be approximately .75%. 
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IV. DISCUSSION 



The two elastic constants measured in a polycrystalline 
experiment are the shear constant, G, and the longitudinal 

4 

constant (B + — G) . For this experiment therefore the 

3 

experimental results are the variation of the shear modulus, 
G, and the bulk modulus, B, with increasing atomic per- 
centages of iron. 

Although the interpretation of these results alone is 
interesting they do not provide as much information, that 
would be useful in interpreting the fundamental contributions 
of atomic forces to the elastic constants, as the single 
crystal elastic constants would. (See Appendix II for 
the theory of the fundamental contributions to elastic 
constants) Moreover, for cubic materials there are three 
non-zero independent elastic constants, (See Appendix I) 
and it is impossible to unfold these three quantities 
from the two measured quantities . 

An independent source of the third constant was avail- 
able in the work of Fisher and Dever on the stability of 
bcc transition metals [Ref. 5] . They present an empirical 
relation for the C' elastic shear constant as a function 
of the electron to atom ratio of transition metal alloys. 

Here C' is one of a set of 3 constants which are linear 
combinations of the basic cubic constants, Ci i C 12 and 
C 44 (See equation Al.8,f.f.). 
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C i i + 2C i 2 

B = 

3 

Cl 1 — Cl 2 (1) 

C ' = 

2 

C “ C 4 4 

Here B is the bulk modulus and C and C' are shear constants. 
In terms of this set of constants the measured bulk modulus 
for the polycrystalline material is directly comparable with 
B=l/3 (Ci i+2Ci 2 ) , however, the shear modulus, G, is a function 
of both C and C'. The. fact that G is a known function of 
C and C' is a result of the methods of determining poly- 
crystalline aggregate moduli, as averages of the single 
crystal moduli. It is thus instructive to digress briefly 
to discuss these averages. 

In 1952 Hill [Ref. 3] showed that two classical approxi- 
mation to polycrystalline averages by Voigt in 1928 [Ref. 6] 
and Reuss in 1929 [Ref. 7] were upper and lower bounds on 
the problem and suggested the arithmetic mean as an average 
that would be closer to measured values. Voigt averaged 
over all lattice orientations using the assumption that 
the strain is uniform throughout a grain. Reuss did the 
averaging assuming that the stress is uniform throughout 
a grain. Following Hill, the strain energy function of 
an isotropic material in terms of the principal stresses 

T. and strains e. and the unknown bulk and shear modulus, 
i D 

B and G are 
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3 



(2) 



w = B(ei+e 2 +e 3 ) 2 + -G E (e.-e) 2 

3 i^j=i i D 



1 3 

w = — (Tj +T 2 +T 3 ) 2 + ~r . £ (T.-T ) 



(3) 



Even though the Voigt and Reuss approximation are limits 
they lead to simplified relations between the polycrystal- 
line constants and the single crystal constants. 



9 B v - (C i 1+C2 2+C 3 3 ) + 2 (C 1 2+C2 3 +C 3 1 ) 



(4) 



15 G v = (Ci 1+C2 2+C3 3) “ (Ci 2+C2 3+C3 1 ) +3 (C4 4+C5 5+C6 6 ) ( 5 ) 



B 



= (S 1 1+S2 2 +S 3 3 ) + 2 (S 1 2+S2 3 +S 3 1 ) 



(6) 



— (S 1 1 +S 2 2 +S 3 3 ) - 4 ( S 1 2 +S 2 3+S 3 1 ) +3 (S 4 4+S 5 5+S 6 6 ) ( 7 ) 

r 

These relations apply to all crystal classes and the sub- 
scripts v and r deonte Voigt and Reuss respectively. The 
are the elastic compliances (see Appendix I) . 

By writing the C^ or in (4) through (7) in terms of 

the cubic constants C11, C12 or C44 and using the cubic 
inverse relations 

1 



C44- ~ — , (C11-C12) = 

S4 4 



, (Ci 1+ 2 Ci 2 ) - 



(Si 1-S12) 



(S 1 i+ 2 Si 2 ) 



one obtains, 



B = B = - (C 11 + 2 C 12 ) 
v r 3 



( 8 ) 
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which is identical to the single crystal experssion in 
equation (1) , and 



G = — (Ci i~Ci 2+3C4 4 ) 
v 5 



G = 5 Cif 4 (C i i -C i 2 ) 

r 4C4 4-3 (C 1 1 -C 1 2 ) 



( 9 ) 



Now converting to C and C 1 using equation (1) 



2 3 

G = — C 1 + - C 

v 5 5 



G = 
r 



10CC' 



4C + 6C ' 



(10) 



The Hill average of these G = 1/2 (G^ + G^) is 

G _ 1 . 2 [C+C 1 ] 2 + 5.2CC' (11) 

4C + 6C ' 

Equation (11) is the desired expression for the shear 
constant in terms of C and C'. 

Returning now to the empirical relation of Fisher and 
Dever for the shear constant C', 

C* = 0.01391 x 10 12 (e */a) 3 ’ 3 4 dyne/cm 2 . (12) 

This power law relation for C' was determined by taking 
the best fit of values of C' for three Ti-Cr alloys and the 
published values of C' of vanadium and chromium. In this 
fit the electron to atom ratio was a parameter. The details 
will be considered below. The central result was that by 
assigning effective electron to atom ratios, e*/a, of 2, 

3, and 4 to titanium, vanadium and chromium respectively 
they could obtain the relation (12). 

Two important questions can be raised. First why does 
C' seem to depend more on an electron to atom ratio, than 
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on the electrostatic and ionic contributions to the shear 
constants outlined in Appendix II. Second, why the par- 
ticular numbers 2,3,4 instead of the total valency or some 
other number. Quantitative answers are not forthcoming, 
however qualitatively the reasoning is as follows. If in 
the region of (e*/a) from 2.15 to 4.0,C' is governed by the 
relation (12) (the e*/a range of the present work is from 
3.0 to 3.46) then a relation of the same form and similar 
magnitude should exist for the 4d and 5d transition metals, 

Nb, Ta, Mo and W. By plotting the published values of C 
C 1 and C^versus e*/a for V, Mb, Ta, Cr, Mo, and W and looking 
at the percentage variations between the 3d, 4d and 5d 
elements they conclude that although C' does not depend 
entirely on e*/a it has much more of this type dependence 
than do Cii or C. They speculate that d electron ex- 
change interaction with nearest neighbors could overcome the 
negative contribution of ionic overlap discussed in Appendix 
II. 

For the choice of e*/a of 2,3 and 4 for titanium, vanadium 
and chromium respectively Fisher and Dever refer to a 
recent APW band calculation of the transition elements by 
Snow and Waber [Ref. 8] . In this calculation, Snow and 
Waber compute the electron occupancy of the s, p and d 
bands as well as the number of electrons in the external 
region between the atomic spheres that are characteristic 
of the APW method. These occupancies are computed for two 
initial configurations of electrons, s 1 d n+ 1 and s 2 d n where 
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n varies from 2 for titanium to 9 for copper. Snow and 
Waber favor the S 1 d n+1 configuration as the most probable 
and, for this configuration, show d shell occupancies of 
2.11, 3.07 and 4.01 for titanium, vanadium and chromium 
respectively. These are very close to n which is the 
e*/a chosen by Fisher and Dever for the same elements. Thus 
if the d shell interactions are considered the primary 
contribution to C' this seems to be reasonably good evidence 
for the chosen values of e*/a. 

For the vanadium-iron alloy of this work the e*/a of the 
seven compositions could be computed using the value of 
3.0 for vanadium and by referring to Snow and Waber' s work 
choosing the ratio 6.0 for iron. They give a d shell oc- 
cupancy of 6.18 for iron starting from the s*d configura- 
tion. Then using equation (12) C' could be computed for 
each composition. These values of C' and the measured 
values of G can then be used to solve equation (11) , for 
the shear constant C of each composition. These results 
are listed in Table III along with the best fit values of 
the derived quantities. 

In Figure 6 is shown the results of all the known shear 
constant data for the bcc region of the first period tran- 
sition elements and their alloys. The values of C and C' 
shown for vanadium- iron region are speculative in that they 
are derived from an empirical data fit and a polycrystalline 
experiment. However, the derived values of C in the region 
e*/a = 3.0 to 3.46 are continuous with the results of the 
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Fisher and Dever alloy experiment which are in the region 
e*/a = 2.15 to 2.6 of the figure. The only other known 
experiment in this region is the work on molybdenum- rhenium 
by Davidson and Brotzen [Ref. 9] which is shown in the region 
e*/a = 4.0 to 4.26 of the figure. Fisher and Dever had no 
explanation for how the values of C for vanadium and chromium 
joined up. These results of the present work merely state 
that C decreases before increasing to the chromium value. 

The scatter in the C values reflects the scatter in the 
experimental results. The points for V-Fe alloys on the C' 
line in Figure 6 are calculated from the empirical relation 
(12) and it can be seen that C' apparently has a maximum 
at e*/a = 4.0. Fisher and Dever point out that this maximum 
corresponds to the maximum d band width in Snow and Wabers 
calculation . 

Variation in the anisotropy ratio with e*/a is readily 
apparent in Figure 6. At the left hand side the ratio is 
greater than unity and decreases to that value for e*/a 
of 2.8. It continues to decrease through the V-Fe region. 

In the region above e*/a = 4 the anisotropy is again in- 
creasing for the Mo- Re alloys. The anisotropy returns to 
unity for e*/a = 4.26. Thus the concept of an isotropic 
V-Fe alloy is probably incorrect. A more likely choice 
would be vanadium with a few atomic percent titanium to 
make e*/a = 2.8. Ti-V forms a bcc solid solution in this 
region . 
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It is interesting to note in Figure 6 that C extrapolates 
to zero at an e*/a of approximately 4.2 which also heralds 
the onset of the sigma phase of the vanadium-iron system 
[Ref. 10] . That C would continue to zero and create an in- 
stability seems unlikely and it is thus assumed that C 
must increase eventually toward the Cr value. In terms 
of the energy of an electron gas discussed in Appendix II, 
the addition of electrons in the region above e*/a=3.5 would 
push the Fermi surface closer to the Brillouln zone boundary 
where shear strain on the direct lattice, which is, of 
course, reflected in the reciprocal lattice could increase 
the average electron kinetic energy and contribute a positive 
component to C. Another way of visualizing the electron 
gas effect on C is in terms of the density of states function 
Snow and Waber show that the density of states at the Fermi 
level varies with group number in such a way that a minimum 
occurs for e*/a just less than 4 for the s’d n+1 configuration 
This is the region where increasing e*/a causes the Fermi 
level to traverse between the lower energy bonding states 
of the d band and the upper energy anti-bonding states. The 
correlation between these effects and the requirement that 
the C value reach a minimum and turn up toward chromium is 
unknown. It is only pointed out that they both occur in 
the same region of e*/a. This concludes the discussion of 
the shear constants. Before going on to the bulk modulus 
a short discussion of how the various ratios, e*/a, were 
determined is included. 
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In making the choice of e*/a for the elements, Fisher 
and Dever plotted C' for their three alloy compositions, 
vanadium and chromium versus 1, 2, 3 and 4 excess electrons 
in chromium over those in titanium. Only the value 2 gave 
a smooth curve through the five points. They then plotted 
In C' versus In e*/a for and e*/a of Cr from 1 to 8 . The 
only e*/a to come within the experimental error of C' for 
their alloy and V was e*/a = 4 for chromium. This fit was 
1.25% low for the published C' of Cr. and had the parameters 
given in (12) . 

Since they had established the e*/a for V the remaining 
choice in this work was the value for Fe . Values of C were 
calculated using e*/a = 6 and 7 for iron. An e*/a of 7 
has the effect of increasing the maximum e*/a for V-Fe to 
3.61 and slightly lowers the C values. However, since G 
is very insensitive to change in e*/a a choice between 6 
and 7 could not be made on this basis and it was decided to 
be consistent and use the s ! d n+I configuration with an e*/a 
of 6 for iron. If possible errors in the determination of 
G are considered it is found that even if G were to increase 
with alloying at the same rate as the longitudinal constant 
the physical result that C decreases with alloying for e*/a 
above 3.0 would only be changed in degree. 

Published values of the bulk modulus in the transition 
metals [Ref. 11] show that it is peaked in each long period 
in the vicinity of Group VIIIB. This dependence is similar 
to that of the cohesive energy and is independent of an 
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interpretation of any model of the contributions to the 
bulk modulus. Converting to electron concentration, as has 
been discussed above, these data and other published results 
for alloys support the idea that the bulk modulus increases 
with increasing electron concentration up to a maximum at 
e*/a of 4 or 5. 

One may think of the bulk modulus as arising from the 
"free" electron gas and from the ion-ion interactions. 

Snow and Waber using the s : d n+1 configuration estimate that 
the s like portion together with the charge external to the 
atomic sphere is between 1.0 and 1.5 electrons. In the 
alloys investigated here the lattice shrinks with the 
addition of solute. This means that if only these electrons 
are considered as contributing to the bulk modulus it will 
increase with decreasing lattice parameter. A simple 
estimate shows that this contribution is about 30% of the 
total for pure vanadium and roughly the same fraction for 
the alloys. Thus one may infer that both contributions 
increase with alloying. Then for the ionic contribution 
one may conclude that alloying iron with vanadium increases 
the bulk modulus either because the iron-vanadium ion inter- 
actions are larger or because the iron-iron interactions 
are larger. From the shape of the bulk modulus curve the 
latter interpretation seems more probable. 
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V, CONCLUSIONS 



Addition of iron to vanadium increases the bulk modulus 
but not the shear modulus, although the latter data are 
scattered. The increase in the bulk modulus can be partially 
attributed to an increase in electron gas concentration and 
partially attributed to an increase in ion-ion interactions. 
The relative contributions of the s and "free" electrons 
through the electron gas and ion-ion exchange interaction 
is approximately constant for the range of alloys studied. 

Since the shear modulus remains constant this means that 
the shear constants C and C' do not change with alloying or 
more probably that they each change at different rates. 

Using the empirical relation of Fisher and Dever for C' 
the variation of both shear constants with electron concent- 
ration is consistent with the previously measured values 
for vanadium and the titanium-chromium alloys. 

The anisotropy ratio is a smoothly varying function over 
the range of effective electron concentrations from 2 to 
4.5. Thus this work supports the idea of an s'd 11 * 1 con- 
figuration for the transition metals and an almost complete 
dependence of C' on the electron to atom ratio. The concept 
of an isotropic alloy of the transition elements has been 
demonstrated in the Mo-Re case. The existence of a second 
such alloy between two first long period elements, V-Ti, 
is indicated. 
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Future work in this area could include investigation of 
the elastic constants of a series of various alloys with 
e*/a from 2.15 to 4.30. Such alloys as V-Ti, V-Cr, V-Fe 
and Cr-Fe might be employed to investigate this entire 
region of bcc stability in the transition elements. 
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TABLE I 



No. 

% 


Production 

technique 


Vanadium 

source 


Crystal growth and 
anneal technique 


1 . 


arc melting 


Argonne 

National 

Laboratory 


annealed I 1/2 hours 
at 1000C longitudinal 
and transverse velo- 
city were measured 
annealed 4 hours at 
1600C 


2 


electron 
beam melting 


Bureau of Mines 

electrolytically 

refined 


float zone melting 


3 


arc melting 


Bureau of Mines 
vacuum arc 
melted 


strain anneal 
annealed 21/2 hours 
at 1600C 

swedged to strain 
annealed I 1/2 hours 
at 1600C 


4 


arc melting 


Bureau of Mines 

electrolytically 

refined 


passed slowly through 
an induction coil 
after straining 
this took 4 hours 
at 1600C 


5 


electron 
beam melting 


Naval Research 
Laboratory 


float zone melting 


6 


arc melting 


Argonne 

National 

Laboratory 


same as sample 1 


7 


arc melting 


Bureau of Mines 


float zone melting 



electrolytically 

refined 



Notes 

1. Iron for all samples was produced at NRL [Ref. 12] 

2. Vanadium produced by the Bureau of Mines is reported in 

[Ref . 13 and 14 ] . 

3. All anneals were done in vacuum 

4. Temperatures during anneals were determined by optical 
pyrometry . 
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performed by Kennard and Drake Co., Los Angeles, Cal. 



